REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection
of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
24-07-2017 Final Report 25-Apr-2016 - 24-Apr-2017
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Final Report: Variable-temperature Microwave Impedance WO11INF-16-1-0276

Microscope with Light Stimulation for Research on Photo- 5b. GRANT NUMBER

induced Phase Transitions

5¢c. PROGRAM ELEMENT NUMBER

611102
6. AUTHORS 5d. PROJECT NUMBER
Keji Lai
Se. TASK NUMBER
5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT
University of Texas at Austin NUMBER
101 East 27th Street
Suite 5.300
Austin, TX 78712 -1532
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS 10. SPONSOR/MONITOR'S ACRONYM(S)
(ES) ARO
U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 68430-EL-RIP.1

12. DISTRIBUTION AVAILIBILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department
of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

The DURIP program "Variable-temperature Microwave Impedance Microscope with Light Stimulation for
Research on Photo-induced Phase Transitions" supported by ARO has been successfully completed. This novel
apparatus will be the first scientific instrument that offers mesoscopic conductivity information with laser excitation
under variable temperatures from 10 to 300 K. The innovative experimental investigations enabled by this system
includes (1) Nanoscale coexisting phases in chalcogenide glasses; (2) Light-driven versus temperature-driven phase

PP SIS DI SIVNPRDLS SRS D B DN PN £2 2 Y S PPN, R- BURYENS IEEDE RS A S S Lo MR [ R B B I B PP G DAY I [P P R

15. SUBJECT TERMS
cryogenic microwave microscopy, laser optics, nanoscale coexisting phases

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |15. NUMBER [19a. NAME OF RESPONSIBLE PERSON

a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES  |Keii Lai

uu uu uu uu 19b. TELEPHONE NUMBER
512-475-9128

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



Report Title

Final Report: Variable-temperature Microwave Impedance Microscope with Light Stimulation for Research on
Photo-induced Phase Transitions

ABSTRACT

The DURIP program "Variable-temperature Microwave Impedance Microscope with Light Stimulation for Research on Photo-induced
Phase Transitions" supported by ARO has been successfully completed. This novel apparatus will be the first scientific instrument that offers
mesoscopic conductivity information with laser excitation under variable temperatures from 10 to 300 K. The innovative experimental
investigations enabled by this system includes (1) Nanoscale coexisting phases in chalcogenide glasses; (2) Light-driven versus temperature-
driven phase separation in transition metal oxides; (3) Spatial distribution of photo-induced hidden states associated with charge-density
waves. The research to be conducted based on this platform will provide significant amount of new knowledge on many advanced materials
that are important for military applications in photo sensing and data storage.

Enter List of papers submitted or published that acknowledge ARO support from the start of
the project to the date of this printing. List the papers, including journal references, in the
following categories:

(a) Papers published in peer-reviewed journals (N/A for none)

Received Paper

TOTAL:

Number of Papers published in peer-reviewed journals:

(b) Papers published in non-peer-reviewed journals (N/A for none)

Received Paper

TOTAL:

Number of Papers published in non peer-reviewed journals:

(c) Presentations

“Noninvasive Conductivity Imaging of 2D Materials and Devices by Microwave Impedance Microscopy”, 2016 IEEE MTT-S International
Microwave Symposium (IMS), May 2016, San Francisco, CA.



Number of Presentations: 1.00

Non Peer-Reviewed Conference Proceeding publications (other than abstracts):

Received Paper

TOTAL:

Number of Non Peer-Reviewed Conference Proceeding publications (other than abstracts):

Peer-Reviewed Conference Proceeding publications (other than abstracts):

Received Paper

TOTAL:

Number of Peer-Reviewed Conference Proceeding publications (other than abstracts):

(d) Manuscripts
Received Paper
TOTAL:
Number of Manuscripts:
Books

Received Book

TOTAL:



Received Book Chapter

TOTAL:

Patents Submitted

Patents Awarded

Awards

Keji Lai, Presidential Early Career Awards for Scientists and Engineers (PECASE), 2016

Graduate Students

NAME

FTE Equivalent:
Total Number:

PERCENT SUPPORTED

Names of Post Doctorates

NAME

FTE Equivalent:
Total Number:

PERCENT SUPPORTED

Names of Faculty Supported

NAME

FTE Equivalent:
Total Number:

PERCENT SUPPORTED

Names of Under Graduate students supported

NAME

FTE Equivalent:
Total Number:

PERCENT SUPPORTED




Student Metrics
This section only applies to graduating undergraduates supported by this agreement in this reporting period

The number of undergraduates funded by this agreement who graduated during this period: ...... 0.00
The number of undergraduates funded by this agreement who graduated during this period with a degree in
science, mathematics, engineering, or technology fields:----.- 0.00

The number of undergraduates funded by your agreement who graduated during this period and will continue
to pursue a graduate or Ph.D. degree in science, mathematics, engineering, or technology fields:--...- 0.00

Number of graduating undergraduates funded by a DoD funded Center of Excellence grant for
Education, Research and Engineering:...... 0.00

The number of undergraduates funded by your agreement who graduated during this period and intend to work
for the Department of Defense ...... 0.00

The number of undergraduates funded by your agreement who graduated during this period and will receive
scholarships or fellowships for further studies in science, mathematics, engineering or technology fields: ...... 0.00

Names of Personnel receiving masters degrees

NAME
Total Number:
Names of personnel receiving PHDs
NAME
Total Number:
Names of other research staff
NAME PERCENT SUPPORTED

FTE Equivalent:
Total Number:

Sub Contractors (DD882)

Inventions (DD882)

Scientific Progress

Technology Transfer




Final Report: Variable-temperature Microwave Impedance Microscope with
Light Stimulation for Research on Photo-induced Phase Transitions

Defense University Research Instrumentation Program (DURIP)
Army Research Office Grant # W911NF-16-1-0276
PI: Keji Lai, University of Texas at Austin, Department of Physics, Austin, TX 78712

List of illustrations:
Figure 1. Schematics of the photo-induced phase transition and nanoscale phase coexistence.
Figure 2. Schematic and photo of the variable-temperature microwave microscope.



Statement of the Problem

The objective of this DURIP award is to develop a variable-temperature microwave
impedance microscope (MIM) [1, 2] with intense laser illumination for the research of photo-
induced phase transitions (PIPTs). Different from the thermally driven phase transitions (Fig. 1a),
a PIPT is initiated by the photo-excited carriers that redirect the system to a new stable or
metastable phase [3 — 5], as illustrated in Fig. 1b. Owing to the intricate interplay among
disorders, electron-electron interactions, and competing orders, electronic inhomogeneity with
different spatial configurations (Fig. 1c) is ubiquitously observed in semiconductors, complex
oxides and other functional materials [6, 7]. Before our work, however, mesoscopic phase
separation has not been addressed for the PIPTs observed in advanced materials. It is our goal to
combine the MIM with nanoscale imaging capability and laser excitation to study the
microscopic details of these processes.

Thanks to the ARO-DURIP support, we have acquired all components of the targeted setup,
including an optical table, a cryogenic chamber, stepping/scanning stages and control electronics,
a customized set of microwave electronics, and a set of laser optics for the light stimulation. The
system will be soon completed in the PI’s laboratory. MIM is a powerful technique to spatially
resolve the mesoscopic (10 ~ 100 nm) electrical properties without the need of contact electrodes
[1, 2]. This novel apparatus will be the first scientific instrument that offers mesoscopic
conductivity information with CW or pulsed laser excitations under variable temperatures (10 —
300 K). The research to be conducted based on this platform will provide significant amount of
new knowledge on many advanced materials that are important for military applications in photo
sensing and data storage.
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Fig. 1. (a) Schematic of the conventional phase transition driven by thermal fluctuations, where
the new phase occurs spontaneously. (b) Schematic of the photo-induced phase transition in
complex systems [8], where the system is redirected to a stable or metastable by photo-generated
carriers. (c) Schematics of mesoscopic coexisting phases with different spatial configurations.

Summary of Key Results

Fig. 2a illustrates the configuration of the cryogenic light-assisted MIM setup. A photo of
the system currently under construction is shown in Fig. 2b. Specifically, we have acquired the
following components for the proposed experiments.



a. An optical table from Technical Manufacturing Corporation, on which the cryostat and
optical parts are mounted.

b. A microscopy cryostat from Janis Research Company modified to host the MIM.

c. A set of variable-temperature scanning/positioning stages and control electronics from
AttoCube Systems.

d. A set of customized MIM electronics.

e. Continuous-wave (CW) and pulsed 510-nm laser source from Market Tech Inc. and the
peripheral optics (objective, mirrors, lenses, and manual positioning stages).

(a)
CW/Pulsed
laser optics
- -] -{ MIM electronics |
T

Scanner control
electronics

Fig. 2. (a) Schematic of the low-temperature MIM system with CW/pulsed laser stimulation. (b)
Photo of the system currently under final construction and testing.

A section of the PI’s lab is being renovated to meet the standard requirement of Class 3B
laser for this system. The MIM electronics, scanning/positioning stages, and the scan control
software have all been tested. We expect that the complete system will be up and running by the
beginning of Fall, 2017. A number of innovative experimental investigations enabled by this
instrument in the near future (1 ~ 3 years) include:

e Nanoscale coexisting phases in chalcogenide glasses. The new instrument will allow us
to study the microscopic origin of PIPTs in these materials, which are attractive for
rewritable data storage and photo-sensing applications [9].

e Light-driven versus temperature-driven phase separation in transition metal oxides. If the
sizes, shapes, and dynamics of the competing metallic and insulating states differ
drastically in the two experiments, the result may imply very different physical
mechanisms [8, 10, 11].

e Spatial distribution of photo-induced hidden states associated with charge-density waves.
By tracing the formation and melting processes in the real space, we expect to shed some
light on the dynamics and possible phase competition in these materials [12].

To summarize, thanks to the DURIP support, the PI’s group has acquired the necessary
parts to construct a new tool for probing light-driven phenomena in novel quantum materials at
the nanoscale. The work will establish a new research direction and augment existing DoD
programs at UT-Austin. The research is of fundamental importance for Army applications of
photosensitive materials in future sensing and data storage devices.
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